INTRODUCTION
Socioeconomic position (SEP), assessed by education, occupation or income, has been shown to be associated with cognition. , , [1 2 3 , There is also evidence to suggest that SEP is associated with cognitive decline, but most of this research is on the elderly. , , , , 4 ] [3 5 6 7 , Recent research suggests that midlife is a critical period for cognition, adding to previous work that show some decline in 8 9 ] [ 10 ] cognition already in midlife.
However, it remains unclear whether SEP influences cognitive decline in midlife. [11 ] It is widely accepted that the analysis of change is best examined using longitudinal models with multiple repeated measures. [12 ] However two-wave data are more widely available than multiple-wave data, with the difference between the two measures used to define decline, or change. There are at least two widely used analytical strategies to examine change using data from two waves. Both approaches attempt to address the same causal question, namely the extent to which changes in the exposure results in changes in the outcome measure. The first approach consists of regressing the change score on the predictor. This is equivalent to analysing the change score using analysis of variance (ANOVA). When the predictor has only two levels this is also equivalent to performing a -test between the two t levels of the predictor. The second strategy consists of regressing the wave 2 measure on the wave 1 measure and the predictor in an analysis of covariance (ANCOVA). Inconsistency in the results from these two approaches is often observed in observational studies and is known as the Lord s Paradox. , In fact, these two approaches estimate statistical parameters that correspond to the causal question , The first approach estimates the crude or the effect of [15 16 ] unconditional the predictor on the change score. The second approach provides a effect of the predictor on change, the condition being that conditional the wave 1 outcome is similar in all predictor groups. In practice, both ANOVA and ANCOVA analyses are often carried out by using least squares regression which provides a more flexible method of analysis and can easily incorporate further control and adjustment for other baseline covariates.
In regression analysis the independent variable is assumed to be measured without error. Cognitive test scores are an imprecise measure of true cognitive function and are likely to be measured with some error. ANCOVA involves including the baseline cognitive score as an independent variable, contributing in some cases to bias in the ANCOVA estimates for the effect of SEP on cognition. More precisely, measurement error in the wave 1 cognition score results in an attenuation of its estimated effect on wave 2 cognition score. , [17 If the wave 1 cognitive score in ANCOVA is related to the predictor, then the estimation of the effect of the predictor will be biased.
However, including the wave 1 cognitive score in ANCOVA when it is related to the predictor does not bias the effect of 19 20 21 ] not the predictor on wave 2 cognitive score. Under this condition, the ANCOVA provides a more precise estimate of the effect of the predictor compared to the ANOVA, , making it particularly suitable to randomized controlled trials and other situations when there is no [22 23 ] association between the predictor and the wave 1 value of the outcome measure.
However, when the predictor and wave 1 outcome [23 ] measure are associated, there are various methods to correct estimates derived from ANCOVA for the effects of measurement error. , [20 , 24 25 ] Research on cognitive decline using data from two waves is widespread. , , , , , , In general terms, little attention [3 6 8 26 27 28 29 ] has been paid to the implications of the analytical strategy. The objective of our study is to examine the effect of SEP on cognitive change in midlife using data from two waves, separated by 5 years. We estimate and compare the effect of SEP on cognitive change using the ANOVA and the ANCOVA approaches outlined above. A further objective is to examine whether the ANCOVA estimates corrected for bias due to measurement error allows judgements to be made about the estimated effect of SEP on cognitive decline in midlife.
METHODS
Data were drawn from the Whitehall II study, established in 1985 as a longitudinal study to examine the socioeconomic gradient in health and disease among 10308 civil servants (6895 men and 3413 women).
All civil servants aged 35 55 years in 20 London based . Cognition was assessed using five standard cognitive tests in the Whitehall II cohort. In our study, we have chosen to use [4 ] three of the five tests that were little influenced by ceiling and floor effects, a source of potential bias in the analyses. The first test was a 20-word free-recall test of short-term verbal memory. Participants were presented with a list of 20 one-or two-syllable words at 2-second intervals and were then asked to recall in writing as many of the words as they could, in any order; they had two minutes to do so. The other two tests measured verbal fluency: phonemic and semantic fluency. Phonemic fluency was assessed via s words and semantic
fluency via animal words. Participants were asked to recall in writing as many words beginning with s and as many animal names as
they could. One minute was allowed for each test. The scores on all three tests represent the number of correct words.
Statistical analysis
The analysis reported in this paper was based on a sub sample of participants aged 50 to 55 years at wave 1 of the cognitive data collection. SEP was examined as a categorical variable with high SEP as the reference. Descriptive analysis on the association between SEP and cognitive performance at wave 1 was carried out using analysis of variance (ANOVA), separately in men and women and was adjusted for age. In subsequent analyses men and women were combined as there were no real differences in the estimated effects.
Cognitive change was defined as the difference between cognitive scores at wave 2 and at wave 1, a negative change score indicated cognitive decline. The effect of SEP on cognitive change was first estimated by regressing cognitive change score on SEP (analysis 1, ANOVA). Then, we used ANCOVA, consisting of regressing cognitive score at wave 2 on SEP and wave 1 cognitive score (analysis 2).
This is formally equivalent to regressing the change score on SEP and wave 1 cognition. For both analysis 1 and 2 we show the [31 ] estimated effects of SEP on cognitive change by using the high SEP group as the reference and estimating the difference in the cognitive change and 95 Confidence Interval (CI) in the intermediate and low SEP groups. Both analyses were adjusted for age, sex and the time % between the two waves of cognitive measures that was on average 5.5 (range: 3.9 7.0) years. The ANCOVA also produced an estimate for -the effect of wave 1 measure. This was the difference, at wave 2, between two individuals who had one unit difference on the observed wave 1 score.
In further analyses the ANCOVA estimates, where both wave 1 cognition and SEP are independent variables, were corrected for bias due to measurement error. Measures of cognition vary both due to day-to-day variations and error in the instrument used to assess cognition. Several methods have been developed to correct estimates for bias due to measurement error. Regression calibration is a widely used statistical method for adjusting point and interval estimates of effect obtained from regression models. We used error s-in-variables that allows user-specified measurement error to correct bias in the regression estimates using the command in regression EIVREG
STATA.
Measurement error is an inverse function of the reliability coefficient; the more the error, the less reliable is the measure. In [32 ] our data we first used the test-retest reliability coefficient obtained from retesting a sub sample (N 556) of participants of the Whitehall II = study at a three months interval. We extended these analyses by examining two further scenarios involving increasingly pessimistic assumptions about the severity of measurement error in order to reflect the fact that the magnitude of the correction in the estimated effects of SEP and wave 1 cognition depends on the magnitude of the measurement error.
The correction for bias corresponds to:
where represents the vector of the cognitive score at wave 2, represents the matrix of the true value of the explanatory variables y X * 
RESULTS
Data on all measures were available on 1743 (1261 men and 482 women) participants, aged 50 55 years at wave 1. presents - Table 1 the sample characteristics in men and women. There were few men in the low SEP group (4 ) and few women in the high SEP group (18 % ). The mean wave 1 memory score was a little over 7 words for men and women. In men, the mean score at wave 1 was more than 17 % words (17.52 and 17.13) for both the verbal fluency tests. In women, the corresponding figure was 17.10 and 16.49 words, respectively.
SEP and cognitive performance at wave 1
also shows the differences in cognitive scores at wave 1 between the three SEP groups with high SEP as the reference. In men, Table 1 the low SEP group had an average memory score that was 1.83 words lower (p<0.001) than the high SEP group. For phonemic and semantic fluency in men, the average differences between the high and low SEP groups were 5.65 (p<0.001) and 5.33 (p<0.001) words, respectively. The results for women were very similar and men and women have been combined in subsequent analyses.
Comparison of the results obtained from the ANOVA and ANCOVA
shows estimates of the effect of SEP on cognitive change between wave 1 and wave 2 using ANOVA and ANCOVA. The Table 2 results of the ANOVA reveal no difference in cognitive change score between the SEP groups for the three cognitive tests. However, the ANCOVA shows SEP to predict cognitive change, the decline being greater in the low SEP group, for all three cognitive tests. For instance, compared to the high SEP group the average decline in memory in the low SEP group was greater by 1.18 words (95% confidence interval (CI) 1.53, 0.83). For phonemic and semantic fluency tests, this difference was estimated at 1.78 (95 CI 2.31, score. There can be two possible explanations for this finding. The first is that those with high cognition decline more than those with poor cognition at wave 2. This is not plausible on the basis of what we know about cognitive ageing. An alternative, more likely explanation for the results is that measurement error in assessments of cognitive function led to an attenuation of the estimated effect of wave 1 [33 ] cognitive
Correction of the bias due to measurement error in the ANCOVA estimates presents the estimates for the effect of SEP on cognitive change, corrected for bias due to measurement error. The observed Table 3 test-retest reliability for the memory test was 0.60 and those for phonemic and semantic fluency tests 0.69 and 0.73, respectively. In the top third of the table the reliability of the cognitive test was set as the observed test-retest reliability and the estimates of the effect of SEP on cognitive change were corrected using this measure of reliability. The corrected estimates of memory show that at the observed reliability (0.60), SEP had a much weaker association with cognitive decline. However, the estimated effect of 1 unit difference in memory between two individuals at wave 1 translated to 0.77 word difference (95 CI 0.70, 0.84) between them at wave 2. The middle and bottom panels % = of show the results for two hypothetical reliability coefficients, i.e. two scenarios with increasing measurement error and Table 3 decreasing reliability coefficients. For example, reliability at 0.50 for memory revealed no effect of SEP on cognitive decline and little evidence of regression to the mean. These findings demonstrate the importance of measurement error to estimates derived from ANCOVA.
DISCUSSION
We examined the effect of SEP on cognitive decline in midlife using two commonly used analytical strategies, analysis of variance and analysis of covariance the first is unadjusted and the second adjusted for baseline cognitive score. In this observational cohort study -these two approaches lead to different conclusions: the results of the ANOVA suggest no effect of SEP whereas those obtained using the ANCOVA without correction for measurement error suggest greater cognitive decline in the lower SEP groups. The discrepancy is a result of at least two factors. The first is that the estimates from these two approaches are based on different assumptions; the ANOVA provides an and the ANCOVA a effect. In other words the ANCOVA results are conditional on observed baseline unconditional conditional cognition being similar in the three SEP groups. A second source of difference in the two approaches is that the ANCOVA estimates are biased due to the inclusion of baseline cognitive function, which is measured with error, as an independent variable. , We also [19 20 ] demonstrate that the bias formula correction intended to correct for the influence of measurement error provides estimates that vary as a function of the size of the measurement error.
The discrepancy in the results between the ANOVA and the ANCOVA in observational studies was identified by Fred Lord and is known as the Lord s paradox , . The ANCOVA results would apply to situations were there were no baseline differences in 34 35 ] concluded that education had some protective effect on cognitive decline.
Out of these 12 studies, 8 studies adjusted for baseline [34 ] cognitive score and did not take measurement error into account. , , , , , , , However, as highlighted by Glymour [5 6 26 27 36 37 38 39 ] and colleagues, one study that initially suggested education to be associated with greater cognitive decline using data from 2-waves [19 ] and ANCOVA without corrections for measurement error, later incorporated a third repeat measure of cognitive function to the [26 ] analysis and found no effect of education on cognitive decline. [40 ] The results from the ANCOVA model provide estimates for the effect of SEP and the wave 1 cognitive measure as both are included as independent variables in the model. We use both these estimates to show that the uncorrected ANCOVA may not be reliable; the coefficient for the effect of wave 1 cognitive score on wave 2 cognitive score suggests that two individuals with one unit difference in their scores at baseline have a smaller difference at wave 2. There are two possible interpretations of this observation. The first is that higher scores at baseline predict lower scores at follow-up and vice versa. In other words, cognitive decline is stronger in individuals with better baseline cognitive function. This is not consistent with conclusions of previous studies, , and difficult to reconcile with the results [11 27 ] for SEP obtained from the same model. We could speculate that participants who perceive themselves to have impaired performance at baseline work especially hard to improve cognitive score during the testing interval, while those who perceive themselves to perform well at baseline spend the testing interval avoiding all cognitive challenges and thus their true cognitive score declines. However, it is much more likely that these results are simply affected by measurement error which leads to regression to the mean , , the tendency of baseline cognition, ANCOVA is clearly not suitable for the analysis of cognitive change in observational studies.
The bias due to measurement error in the estimates obtained from ANCOVA can be corrected. , , As expected, this [20 24 25 ] correction reduced the estimated effect of SEP and increased the impact of the baseline cognition on cognition at follow-up. Our results show that the estimates from the corrected model depend on the size of the measurement error of the tests. Increasingly pessimistic
for each test are close to those found in other studies , and with the observed estimates there is little influence of SEP on cognitive [41 42 ] decline. However, we cannot rule out the possibility that the observed reliability is overestimated as the corrected wave 1 effects continue to show the presence of regression to the mean. For cognition, the measurement error is made up of errors specific to the measure but also to within-subject variability due to, for instance, health of the participant fluctuating over time. On the other hand, our second scenario is perhaps too pessimistic regarding the magnitude of the measurement error. The coefficient for wave 1 in the corrected model (reliability 0.40) indicates an increase in variance at wave 2. However, an examination of the variances associated with the observed data (not shown but available from authors) shows no such increase. Therefore, this second scenario might represent an over correction.
CONCLUSION& RECOMMENDATIONS
Glymour et al. have recently argued against adjustment for baseline health status in the analysis of change in health and proposed [19 ] the use of causal diagrams to determine whether or not to adjust for the baseline measure of health. We add to this point of view in this paper by narrowing the focus to a comparison between the estimates obtained from the ANOVA and the ANCOVA, particularly for analysis of change using data from 2 waves, drawn from an observational study. We recommend caution when using ANCOVA, or adjustment for baseline, in observational data. As a first step, it is judicious to examine the estimates of both the ANOVA and the ANCOVA, when analysing change using two waves of data. Inconsistency between the results from the two analyses, one adjusted and the other unadjusted for baseline, ought to be taken as a warning sign. ANCOVA includes both the exposure and the wave 1 outcome as independent variables and we recommend that estimates for both these measures be examined when interpreting the results for the effect of the exposure. Finally, we caution against a simple correction of the ANCOVA estimates using the observed test-retest reliability to take account of the bias due to measurement error. Here again, it is advisable to examine the corrected estimates for both the exposure and the wave 1 outcome measure. When all these factors are taken into account, our results suggest no effect of SEP on cognitive decline in midlife.
What this paper adds
What is already known on this subject?
Analysis of change using data from two waves of an observation study often provide different results depending on whether or not they are adjusted for the baseline measure.
Adjustment for the baseline measure provides results that are conditional on observed health measure being similar in the different exposure groups.
What does this study add?
We compared analysis adjusted and unadjusted for the baseline measure and showed that adjustment for baseline could be misleading as the exposure is often associated with the baseline measure in observational studies.
A further source of error in the estimates from the adjusted models is measurement error in the health measure; correction for this error does not provide a satisfactory solution and we recommend the use of unadjusted models.
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Table 3
Correcting bias due to measurement error in the ANCOVA estimates of difference in cognitive change based on observed reliability (top panel) and two hypothesized reliability estimates (middle and bottom panels). CI: Confidence Interval. SEP coefficient represents mean difference of cognitive change with the high SEP as the reference. Negative coefficient indicates a greater decline. A wave 1 cognitive score coefficient lower than 1 indicates a reduction in within SEP group variance of the cognitive score at wave 2.
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